Straight and bent self-written waveguides (SWWs) are formed within a photomonomer mixture by means of a self-trapping effect when a single laser beam or two laser beams with tilt are propagated inside. These SWWs can be used as optical interconnects in integrated photonic circuits if two laser beams are launched in opposite directions into the photomonomer. In this work, two kinds of photo-polymerization models are implemented to simulate the SWWs. In the phenomenological model, the refractive index increases directly with actinic laser intensity, whereas the diffusion model has a more complex variation of refractive index profile which takes into account the individual redistribution of mixture components. Both these models are linked with a CrankNicholson based Beam Propagation Method (CN-BPM) to simulate the time varying light distribution within the polymer coupling structures. Differences are observed in the numerical simulation results for straight and bent SWWs with respect to the temporal evolution of refractive index within the mixture, corresponding beam intensity profiles and curing time. In addition, we show that a saturation of refractive index change leads to the polymerization of surrounding monomer and, as consequence, to corrupted light guiding. We report on the minimum refractive index modulation that is required for optimal light guiding within the SWW.
INTRODUCTION
The physics of self-writing of waveguides is a combined outcome of self-focusing and self-trapping effects of light. Many experimental and theoretical studies have already been performed to understand the underlying self-writing phenomenon of light in photomonomer as well as in photosensitive material media. [1] [2] [3] [4] An induced change in refractive index occurs within the material as the light propagates through it. Initially, the laser beams diffract freely which is compensated at the later stage by the induced increase in refractive index due to polymerization of the monomer along the propagation axis. This induced change in refractive index is maximum where the beam intensity is maximum. The maxima of the refractive index are located near the exit ports of the Gaussian beams. The induced change in refractive index later becomes sufficient to self-focus and self-trap the beam along the propagation axis to create a waveguide-like optical channel. Once the optical channel is established, it remains within the medium and it is possible to propagate any optical beam of different wavelengths. Such light-induced waveguides are often referred to as self-written waveguides (SWWs).
A single optical channel results within the material mixture by illumination with one Gaussian laser beam and it is referred to as straight SWW. 5, 6 When two Gaussian beams with offset or misalignment along the transverse x -direction are propagated into the material mixture from opposite directions, the two optical channels are selfbent to compensate the misalignment and merge to create a single channel. Such resulting channels are referred as bent SWWs.
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Two theoretical material models are implemented in this work to simulate such straight and bent SWWs. These two material models are then linked with the Crank-Nicholson based Beam Propagation Method (CN-BPM) to obtain the light distributions within the SWWs. The numerical simulations allow us to predict the temporal dynamics of the induced change in refractive index and corresponding beam intensity distributions for SWWs. We present a comparative study for refractive index modulation, intensity distributions and curing times for the SWWs using Model 1 and Model 2.
NUMERICAL MODEL

Optical Simulation
To calculate the light distribution of self-growing optical channels, a two-dimensional scalar beam propagation method (2D-BPM) is implemented, inspired by the work of Pedrola. 8 This method is nonlocal in time which is obtained by assuming a slowly varying field envelope and applying the paraxial approximation to the Helmholtz equation:
A Crank-Nicholson based finite difference scheme with transparent boundary condition is applied to Eq. (1) to obtain the numerical solution. Here, n 0 is the initial average value of the refractive index of the homogeneous medium and n is the current refractive index of the material mixture which is a dynamic value and obtained by solving the material model equations presented later in this section. k 0 is the free space wavenumber and calculated from the beam wavelength λ via k 0 = 2 * π/λ. u(x, z) is the electric field envelope amplitude, x and z are the transverse and propagation direction, respectively. The above 2D-BPM is coupled with the material models 1 and 2 below. The temporal dynamics of the refractive index of the core of the SWW is obtained by solving the material model equations and then this new value is passed down to the CN-BPM to compute the new field distribution for each time iteration.
Material Model 1
A simple phenomenological material model is implemented which describes the evolution of the refractive index for the material mixture towards a maximum saturation value for the refractive index modulation. The change in refractive index continues to grow and finally saturates to a maximum modulation value. This process is described by a simple first order differential equation, Eq.(2), where the induced modification in refractive index increases directly with the actinic intensity of the writing beams:
Here, t is the elapsed exposure time, ∆n s is the fixed saturation value of refractive index modulation and I(x, z, t) = |u(x, z, t)| 2 is the local light intensity. p is the number of photons involved in the process which is typically assumed to be a linear optical process and hence p = 1.
9 The real coefficient A s depends upon the material properties, the number of photons p and the wavelength of light.
Material Model 2
The material model 2 has a more complex variation of refractive index which is obtained by taking into account the redistributions of individual components of the material mixture and solves two partial differential equations. In this model, the concentration of monomer is influenced by the diffusion of monomers from dark regions to neighboring bright regions which are simultaneously converted into polymer chains. The evolution of the monomer concentration is described by Propagation direction along z in µm As the polymer chains are too heavy to move around, the diffusion coefficient is neglected for polymer evolution and its redistribution within the mixture is governed by
In Eqs. (3) and (4), the monomer and the polymer concentrations are denoted by M , and P , respectively. D is the diffusion constant and K r is the polymerization rate. The first part in Eq.(3) describes the diffusion of monomer with diffusion constant D and its second part describes the polymerization of monomers to polymer 
expresses the saturation of the modulation of refractive index and I is the light intensity.
Here, the 2D Laplace operator is equal to
n(x, z, t) is the refractive index difference between the core and cladding of the simulated SWW which is a dynamic value and increases till the maximum possible modulation, i.e., n f is reached. The maximum modulation n f during the simulation is equal to the difference in refractive index n max and n min . Here, n max is the maximum value of the refractive index of the mixture when all monomers are converted into polymer chains and n min is the refractive index of the mixture at the beginning of the simulation prior to the conversion of monomer to polymer chains. By knowing the concentrations of monomer, polymer, and photoinitiator, their refractive index values, densities, and also the corresponding volume fractions are calculated for the individual mixture components. Then, the evolution of refractive index of the material mixture is calculated via the Lorentz-Lorentz relation: 
where, n m , n p and n a , are the refractive indices of monomer, polymer, and photoinitiator, respectively. Φ m , Φ p , and Φ a , are their corresponding volume fractions. Φ a is calculated from the conservation principle of total volume fraction, i.e., Φ a = 1 − Φ m − Φ p . For details of the calculation process we refer to the work of Babeva et al.
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Numerical Parameters
For models 1 and 2, the simulation starts from a homogeneous refractive index background. In model 1, the change in refractive index continues to grow till ∆n equals the maximum modulation value ∆n s . In model 2, the change in refractive index grows in a temporal loop till all monomers are converted into polymer chains. For comparison of the two models, the numerical parameters during the simulation are kept equal. The initial refractive index and maximum change in refractive index possible are also kept constant. In model 1, the simulation starts from a uniform refractive index background with n 0 = 1.5 and the maximum modulation is fixed at ∆n s = 0.017. The coefficient A is set to 1.2 × 10 −3 . 6 In model 2, the simulation starts with photomonomer mixture of 40% monomer, 57% polymer, and 3% photoinitiator. The percentages for components are fixed to make sure that the maximum change in refractive index of the mixture is the same as in model 1 after complete conversion of the monomers to polymer chains. The diffusion constant D = 6 × 10 −15 m 2 /s considered for the simulation was measured experimentally. 12 The polymerization rate K r is set to 0.6 cm 2 /µW. The refractive index of monomer n m , polymer n p , and photo-initiator n a are fixed at 1.48, 1.52 and 1.46, respectively.
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The waist of the Gaussian beams is assumed to illuminate the photopolymer mixture in both models. Two writing Gaussian beams u 1 and u 2 from input facets, z = 0 and z = z max are propagated into the mixture to create a bent SWW. However, only one Gaussian laser beam, u 1 , is propagated into the mixture in order to create a straight SWW. The initial Gaussian distributions are described as 
Proc. of SPIE Vol. 10690 106900D-5 Here a is the width of the input Gaussian beams and d is the offset or misalignment length along the transverse direction x, for the case of a bent SWW. The beam width a=5 µm is used for all Gaussian excitations. An offset length of d =5 µm is considered during simulation for both models. The step increments along the transverse direction ∆x, the propagation direction ∆z, and the time ∆t are fixed as 0.5 µm, 1 µm and 0.5s, respectively for both models, which also satisfies the convergence criteria for the finite difference schemes. 
RESULTS AND DISCUSSION
Evolution of bent SWWs
A bent SWW is simulated with both models, as shown in Figs. 1 and 2 , respectively. The induced modulation of refractive index of the SWWs and the corresponding beam intensity distribution profiles during the curing process are provided. The simulation started from a uniform refractive index background, i.e. n = 1.5, in both models. The diffraction of the propagating beams is strongly compensated when the refractive index along their propagation axis slightly increases from the initial value of 1.5 and the connection is established in the overlapping region of the counter propagating beams, as in Figs. 1(a) and 2(a) . When the refractive index along the propagation axis of the beams is further increased to 1.502, the width of bent SWWs decreases further due to the self-focusing effect of the propagating light beam for both models, as shown in Figs. 1(b) and 2(b). The connection established for the diffusion based model has a more uniform surface, see Fig. 1(c) , whereas in the phenomenological model, some non-uniformity along the cross-section of the bent SWW can be seen, see Fig. 2(c) . Here, the maximum focus points in intensity distribution are referred to as "primary eyes". We also observed that the primary eyes start to move along the propagation axis of the SWWs when the refractive index 14 Also, the bending in the curvature of the bent SWW is more prominent in the diffusion based material model, see Fig. 1(c) , than in the phenomenological model, see Fig. 2(c) .
The change in refractive index n with curing time for both models, is shown in Fig. 3 . n increases with time for both cases until the maximum saturation of refractive index is reached. The evolution of change in refractive index from n = 0 to n = 0.005 is nearly the same for both models, afterward the evolution in n is more sharp or steep for model 2 than for model 1, see Fig. 3 . There is a slight abrupt near n max for model 1, whereas, the growth of n is smoother for model 2.
Evolution of straight SWWs
A straight SWW is simulated using the two models as well. It is created when a Gaussian beam of width a = 5 µm is traversed through the photopolymer mixture. The maximum intensity of the initial input Gaussian beam is normalized to 1. The results for the straight SWWs are provided in Figs. (4) and (5) for the model 1 and 2, respectively. The initial input Gaussian beam has a significant diffraction within the photopolymer mixture before the simulation started, as shown in Figs. 4(a) and 5(a). As the modulation in the refractive index of the simulated waveguide core increases to the value n core = 1.502, from an initial value n core = 1.5, the beam is self-focused which just compensates the spreading, as seen in Figs. 4(b) and 5(b). After some time, when the refractive index of the SWW core becomes larger than n core = 1.505, the beam is completely self-trapped and creates a straight SWW, see Figs. 4(c) and 5(c).
Beam Splitting
We observed that when the saturation of the material mixture is reached, the SWWs break into filaments within the computation domain. A bent SWW is simulated using the diffusion based material model which is created from two counter propagating Gaussian beams with beam width of 50 µm and misalignment of 50 µm propagated through a distance of 5 mm. The simulation begins with a photopolymer mixture having 97% monomer and 3% photoinitiator. For this case, the maximum modulation in refractive index is calculated by n p − n m , i.e., it equals to 0.04. When the simulation runs further after the desired modulation in refractive index is achieved, the nearby region starts to get polymerized which results in breaking up of the intensity distributions into filaments, as shown in Fig. 6 . The filaments are generated due to the absence of a cladding to the SWWs which results in no light guiding. 
SUMMARY AND CONCLUSION
In summary, a comparative study on theoretical predictions from two kinds of material models for simulating straight SWWs and bent SWWs is discussed. The results from the simple phenomenological model 1 nearly match with the results obtained from the more complex diffusion based material model 2, with few exceptions noticed in the uniformity and the bending of the SWWs. The SWWs created using the diffusion based material model show smoother, more uniform surfaces and more prominent bending compared to the SWWs created using the phenomenological model. The curing time of bent SWWs is provided for both models which showing that model 1 yields a faster increase in refractive index in comparison to model 2. Also, the self-written structures become filamentous when the nearby region starts to get polymerized as the evolution in refractive index is near to the maximum or saturation value of refractive index modulation.
